The control of diffuse pollution requires information on the transport processes of those pollutants within a catchment. The characteristics of diffuse nitrogen and phosphorus discharged from a typical rural-agricultural catchment dominated by residential areas, sloping cropland, and forest land were monitored in the hilly area of the upper Yangtze River, China, and analyzed based on a total of eight rainfall-event runoff from August 2010 to September 2011. The results showed that the average of event mean concentrations (EMCs) of TN, DN, PN, TP, DP, and PP were 4.94, 3.18, 1.76, 1.11, 0.19, and 0.92 mg/L, respectively. The high EMCs demonstrated diffuse pollution of rural-agricultural catchment posing great pressure on receiving water. The first flush phenomenon for nitrogen and phosphorus was identified in rural-agricultural catchment, especially for the medium and heavy rainfall events, and a total of 36%, 44%, 46%, and 51% of the mass for TN, PN, TP, and PP, respectively, were discharged in the first 25% of the runoff. The first flush phenomenon suggested more attention should be paid on the management of the initial part of runoff in order to improve the efficiency of diffuse pollution control at catchment scale.
Introduction
Diffuse pollution resulting from rainfall event runoff has been identified as one of the major causes of the deterioration of receiving waters [1] . However, diffuse pollution management was confined because it was difficult to understand the transport processes due to the high complexity of N and P cycles [2] . Therefore, in order to improve the effects of best management practices (BMPs) with lowest cost, the problems about how the pollutants are delivered and when the transport of pollutants are most intensive need to be understood deeply.
To gain such understanding with respect to pollutant loading during rainfall events, the first flush of contaminants as an important practical phenomenon has been identified in previous urban runoff studies [3, 4] , which suggested that a greater fraction of pollutant loading was contained in the initial part of the runoff volume. In practice, if a large portion of pollutant mass was delivered by the first portion of runoff, effective BMPs could be selected to treat the initial part of runoff (minimizing the amount of water, which has to be stored or diverted, and maximizing the mass of nutrients and pollutants not entering the downstream water body). Therefore, characterizing first flush phenomenon provides an important scientific basis for runoff manager to optimize treatment strategies [5] .
The first flush phenomenon is frequently observed in the runoff of small, highly impervious areas, such as highways and parking lots [1, 3, 4] . However, relatively rare detailed research has been performed for rural-agricultural catchment with complex characteristics of both impervious and pervious land surfaces. Due to rapid development in rural areas and ecological migration as a result of the construction of the Three Gorges Reservoir (TGR), the ruralagricultural catchment has become an important catchment type in the hilly area of the upper Yangtze River, China. The diffuse pollution of rural-agricultural catchment posed a great pressure on the water quality of the TGR and the Yangtze River [6] . Therefore, understanding the delivery of pollutants during rainfall events and clarifying whether first flush phenomenon has occurred in rural-agricultural catchment are essential for water management of the Yangtze River.
The diffused pollution in rural-agricultural catchment was influenced by highly impervious and pervious land use. Therefore, we especially expect that a typical first flush phenomenon exists in these regions as in highly impervious areas that the most effective BMPs can be selected with the assistance of the knowledge of first flush achieving the objectives of minimizing the amount of water which has to be treated and maximizing the mass of nutrients or pollutants that do not enter the receiving water. Therefore, the primary objectives of this study are framed based on a fundamental question: when the transport of pollutants is most intensive during a rainfall event. The specific objectives of this work are as follows: (1) Analyzing the relationship between the N, P transport and rainfall event. 
Methodologies

Study Site Description
The water quality of the Yangtze River is greatly influenced by the nutrients discharged from the catchments of the upper Yangtze River, China [7] . This study was conducted in a typical rural-agricultural catchment (Jieliuyan catchment) located in the hilly area of the upper Yangtze River (105º27′E, 31º16′N), China (Fig. 1) . The study site has a moderate subtropical monsoon climate. During 1981-2008, the area had an annual mean temperature of 17.3ºC and a mean precipitation of 826 mm. During the same period, 5.9%, 65.5%, 19.7%, and 8.9% of the annual precipitation occurred in the spring (March to May), summer (June to August), autumn (September to November), and winter (December to February), respectively.
The Jieliuyan catchment (JC) has a drainage area of 0.35 km 2 and elevation between 400 and 600 m. The catchment consists of five main types of land use: sloping cropland (42.0%), forestlands (36.0%), paddy fields (12.0%), and residential areas (3.5%), and road (6.5%) (Fig. 2) . 
Legend
Rainfall was monitored continuously using tipping bucket rain gauges (manufactured by Teledyne ISCO, Inc., USA) which were installed on the roof of the monitoring station. The runoff discharges were measured using V-notch weir installed at outlet, the automated water level recorders were set to read the real-time water levels. The water samples were collected with automatic samplers (ISCO 6712, manufactured by Teledyne ISCO, Inc., USA) which were triggered when the rainfall intensity was above 1 mm/h. Discrete samples were collected every 15 minutes during the first 3 hours of each event and every hour subsequently.
All samples were taken to the laboratory immediately and divided, preserved in a refrigerator with 4ºC and analyzed within 24 hours. One portion of each sample was filtered through 0.45 μm membrane filters and digested with K 2 S 2 O 7 solution for determination of dissolved nitrogen (DN) and dissolved phosphorus (DP). The unfiltered samples were digested with K 2 S 2 O 7 solution and analyzed for total nitrogen (TN) and total phosphorus (TP) following standard analytical methods [8] . The differences between the TN and TP and their respective dissolved forms were considered to be the particulate forms of N (PN) and P (PP) (e.g., PN = TN -DN and PP = TP -DP) [9] .
Data Analysis
Event Mean Concentration
The use of an event mean concentration (EMC) is appropriate for evaluating the effects of rainfall runoff on receiving waters [1] . The event mean concentration (EMC) represents a flow-weighted average concentration computed as total pollution mass divided by the total runoff volume for an event of duration [10] .
...where M is the total mass of variables over the entire event duration (g) and V is the total volume of flow over the entire event duration (m 3 ).
First Flush Quantification
M(V)
One common method [3, 11] used to describe the hydrochemical changes over hydrograph is M(V) curve, which was created by plotting normalized cumulative load (NCL) against normalized cumulative flow (NCF) as depicted in Fig. 3 . The normalized cumulative load and the normalized cumulative flow can be calculated from the following equations: and ...where C(t) is the nutrient concentration at time t. Q(t) is the flow rate of the water; and t 0 and t e are the beginning and the end of the discharge processes, respectively. 
FF 25
The parameter FF 25 represents the percentage of total mass delivered in the first 25% of runoff and was used frequently to identify the significance of a first flush [10] . For example, if the FF 25 is equal to 0.50, this means that 50% of this pollutant is transported in the first 25% of the runoff, significant "first flush" is identified.
Results and Discussion
Hydrological Processes
A total of eight rain events were investigated at the monitoring site. The basic rainfall characteristics are presented in Table 1 . The rainfall for each event ranged from 6.5 to 79.7 mm, and the maximal rainfall intensity for each event ranged from 3.9 to 32.4 mm/h. Statistical analysis showed that precipitation was significantly correlated with runoff discharges (Y ruonff = 97.4X precipitation -88.1, n=8; R 2 =0.89). In this study, the events on 2010-8-14, 2010-8-20, and 2011-9-7 represent small (6.5 mm), medium (15.8 mm), and heavy rainfall (32.5 mm) events, respectively, and were selected as representative examples in the description of the hydrological and hydro-chemical process below. Fig. 4 presents the hydrological process of the three types of rainfall events in the catchment. The delayed runoff generation was observed at the outlets, and the peak discharge occurred approximately one hour after the peak rainfall. Meanwhile, the runoff events had slow flow recessions and smoothly discharged peaks. The hydrological response processes were deeply different with the results observed in the area dominated by impervious land surface in which the runoff was generally observed immediately when the measurable rain began, and the flow velocities corresponded closely to rainfall intensity. The runoff falling limbs were very short, and the flow velocity decreased immediately when the rain stopped [6, 12] .
The differences of hydrological processes seem to be related to the characteristics of land surface. In the previous studies [6, 12] , as a result of the higher percentage of impervious area, the surface runoff generated almost immediately at the beginning of the rainfall events, and reached the monitoring site in a short time. In contrast, due to the canopy modifications the amount and intensity of rainfall that reach the soil surface [13] and the surface soil properties regulating the hydrological flow paths [14] , the subsurface runoff generally contributes a substantial fraction of runoff monitored in the catchment with high-permeability soil and a high percentage of vegetation coverage. Therefore, the delayed runoff generation and slower flow recession were observed at the outlet of JC due to the high percentage of the pervious area [15] .
N, P Concentrations during Rainfall Events
Temporal Variation of N, P Concentrations at Single Events
At present study, the concentration of TN, DN, and PN ranged from 1.3 to 12.6 mg/L, 0.9 to 6.0 mg/L, 0.2 to 10.1 mg/L, respectively, for three typical rainfall events (Fig.  5a ). During the small rainfall event on 2010-8-14, a smaller variation of nitrogen concentration was observed, the concentration of TN ranged from 1.5 to 2.8 mg/L, and DN was the dominant form of N at the total duration of the event, which ranged from 1.3 to 2.0 mg/L. However, during the medium and heavy rainfall events of 2010-8-20 and 2011-9-7, great variations of nitrogen concentration were observed, and PN was the dominant form of N at the early stage of the rainfall events, followed by DN as the dominant form at the subsequent stage. The concentrations of TN and PN were very high in the early stage of the rainfall events, especially for the first 3 hours of events duration, followed by a rapid decrease. In contrast, the concentrations of DN showed a relatively slight change throughout the course of the rainfall events. For three typical rainfall events, the concentrations of TP, DP, and PP ranged from 0.1 to 6.3 mg/L, 0.02 to 0.9 mg/L, and 0.1 to 5.9 mg/L, respectively, and obvious peak concentrations were observed for TP and PP in the initial period of the rainfall events. For example, the peak concentrations of TP were 0.4, 1.3, and 6.3 mg/L for events of 2010-8-14, 2010-8-20, and 2011-9-7, respectively, and identified in the first 3 hours of the duration of events. Conversely, the DP concentration showed slight changes during a single rain event for the three typical events (Fig.  5b) .
The result of this study indicated that transport process of nitrogen and phosphorus vary considerably from event to event, and in general rainfall size seems to be the most important factor influencing the transport process, and the significant preceding increase in nutrient concentrations and peak distribution of loads in the initial period of an event within the investigated catchment occurred in medium and heavy events (Figs. 5a and b) . Such a phenomenon was also observed elsewhere [9, 16] .
The preceding increase of the nutrient concentration was generally observed in the storm runoff from urban area, park, and so on, which was dominated by a high percentage of impervious area [1, 6] . In this study, such preceding increases also were observed for the rural-agricultural catchment in the hilly area of the upper Yangtze River. The phenomenon that the preceding increase in the nutrient concentrations and peak distribution of loads in the initial peri- od of an event was called "first flush" was proposed by Vorreiter and Hickey [17] first, which provided important information for defining the crucial time at which the nutrients are transported [3] [4] [5] . In this study, a significantly concentrated transport regime was found for TN, TP, PN, AN, and PP in the typical rural-agricultural catchment, especially in medium and heavy events. Therefore, the diffuse pollution in rural-agricultural catchment can be reduced dramatically by implementing infiltration or sedimentation measures to remove a greater fraction of the pollution load in the initial part of the runoff. Table 2) . The values of EMC for nitrogen and phosphorus also vary from event to event, and in generally rainfall size. For example, in the present study, the EMCs of TN and TP are 2.33 mg/L, 0.51 mg/L for a small rainfall event, and 4.43 mg/L, 0.84 mg/L and 6.48 mg/L, 1.67 mg/L for medium and heavy rainfall events, respectively (Table  2 ). This phenomenon implies that the greatest amount of nutrient export within the investigated catchment occurred in heavy and storm events, and more attention needs to be given to the control of diffuse pollution from rural-agricultural catchment during medium and heavy rainfall events. This phenomenon was consistent with the results of other research [18, 19] .
Event Mean Concentration
In previous studies, agricultural activities, particularly the on-farm use of agrochemicals, have always been recognized as important sources of surface and subsurface water contamination in a catchment, and attention is generally focused on the movement of nutrients from agricultural fields [20] . For example, losses of nitrogen and phosphorus from eight small (85-2830 ha) agricultural catchments in Norway were analyzed by Bechmann et al. [21] , the average event mean concentrations of TN and TP varied from 1.1 to 11.2 mg/L, and 0.06 to 0.42 mg/L, respectively. Tang et al. [22] found event mean concentrations of TN and TP of 2.0 mg/L and 0.1 mg/L, respectively, in stormwater runoff, in a typical agricultural catchment in China. Mckergow et al. [23] reported that the average TN EMC value of an agricultural area was 2.51-3.26 mg/L.
The urbanized area is a unique environment with characteristic disturbance gradients that alter natural biogeochemical cycles [24] [25] [26] . Human activities control major factors driving these cycles, including land use change and soil variability, atmospheric chemistry, and hydrologic modifications [26] . Nitrogen (N) and phosphorus (P) are derived from multiple sources and pathways in urbanized watersheds and thus water runoff is a major contributor to river pollution in many areas [27, 28] . For example, Lee et al. [1] reported that the mean TN EMC concentration of residential catchments ranged from 1.4-13.8 mg/L. Brezonik and Stadelmann [29] reported that the mean EMC of TN and TP were 3.08 and 0.59 mg/L, respectively, in the Twin Cities metropolitan area, Minnesota, USA.
The mean EMC of TN and TP in the present study in the hilly area of the upper Yangtze River Basin, China, were 4.94±1.88 mg/L and 1.11±0.65 mg/L, respectively, and were higher than the reported values, indicating that the impact of nutrient concentrations from the rural-agricultural catchment on receiving water were high. Furthermore, the results suggest that the concentrations of nitrogen and phosphorus in rainfall runoff were much higher than the thresholds of eutrophication by international standards (0.2mg/L for TN, 0.02mg/L for TP) proposed first by Thomann [30] , and the average EMCs for TN and TP were approximately 22.5 and 35.0 times higher than the thresholds, which imply the ruralagricultural catchment is a potential "high-risk" discharger and posed a great pressure on the downstream water quality in the hilly area of the upper Yangtze River.
Analysis of First Flush
M(V) curves of normalized cumulative loads for different nutrient species against normalized cumulative flow were presented in Fig. 6 . The results showed that the M(V) curves of TN, PN, TP, and PP were all clearly located above the 1:1 line during the rainfall events of 2010-8-20 and 2011-9-7 which represent medium and heavy rain, respectively. However, only the M(V) curves for TP and PP were distributed above the 1:1 line for the event of 2010-8-14 which represent of small event, and the M(V) curves for other nutrient species appeared close to the 1:1 line curves. These results indicated that a larger proportion of the mass for nitrogen and phosphorus was transported in the initial stage of runoff during the medium and heavy rainfall events, and only for phosphorus during the small rainfall event.
386
Yang X. L., et al. The preceding increase in concentrations and the location of M(V) curves for TP, PP, TN, and PN indicated the occurrence of first flush, to quantify the strength of the First flush effects of the different forms of nutrient transport in JC catchment, the FF 25 parameter [16] was employed. In this study, the average values of FF 25 for eight studied events were 0.36 for TN, for 0.31 DN, 0.44 for PN, 0.46 for TP, 0.28 for DP, and 0.51 for PP (Fig. 7) . This means that a total of 36%, 31%, 44%, 46%, 28 % and 51% of the mass for TN, DN, PN, TP, DP, and PP, respectively, were discharged in the first 25% of the runoff. These results indicate that the significant first flush effects occurred for TN, TP, PN, and PP, and the magnitude of the first flush was in the order of PP>TP>PN>TN.
In general, the first flush phenomenon has been frequently observed in small rural or urban catchments with a large portion of impervious area in which surface flow regime dominated the runoff process [1, 3, 4, 9] . The results of this study indicated that the First flush phenomenon was also identified in a typical rural-agricultural catchment and the concentrated losing process will provide an important scientific basis for the management of diffuse pollution in the rural-agricultural in the hilly area of the upper Yangtze River.
BMP Selection
The analysis of EMC indicated that the rural-agricultural catchment posed a great pressure on the downstream water quality, therefore more attention should be paid on the diffuse pollution from rural-agricultural catchment. Furthermore, our findings suggest a significantly concentrated transport regime for total N and P and particulate N and P at rural-agricultural catchment, which demonstrated an obvious strength of first flush, the highest value of FF 25 for eight rainfall events was calculated for PN (0.69), followed by PP (0.57), TN (0.56), and TP (0.51 ). This means that 69%, 57%, 56%, and 51% of the mass for PN, PP, TN, TP, respectively, were discharged in the first 25% of the runoff. Therefore, these results suggesting that pollutants are transported is most intensive in the initial period of runoff duration, for example the first 3 hours, and applying treatment BMPs (e.g. wastewater infiltration measures, direct pumping of wastewater into detention ponds) in the early part of runoff could remove the diffuse pollutants more effectively than randomly timed BMPs.
Conclusions
In this study, the average EMCs of TN and TP for all investigated rainfall events were approximately 4.94±1.88 mg/L and 1.11±0.65 mg/L, the analysis of EMCs of nitrogen and phosphorus indicated that the rainfall runoff from the rural-agricultural catchment in the hilly area of the upper Yangtze River, China, was severely polluted based on the thresholds of eutrophication by international standards. The preceding increase in the nutrient concentrations and peak distribution of loads in the initial period of an event indicated the first three hours was the crucial time at which the nutrients are transported intensively. Furthermore, the average values of FF 25 indicated a total of 36%, 31%, 44%, 46%, 28%, and 51% of the mass for TN, DN, PN, TP, DP, and PP, respectively, were discharged in the first 25% of the runoff. The important first flush phenomenon has been investigated in rural-agricultural catchment, especially for nutrient transport during the medium and heavy rainfall events. Thus greater attention needs to be given to the ever-increasing rural-agricultural catchments in the hilly area of upper Yangtze River for the management of diffuse pollution, and best management practice, such as infiltration or sedimentation measures, should be employed to control the nutrient loss in the initial period of rainfall events.
In view of the large temporal variations of N and P concentration during single rainfall events in rural-agricultural catchment, a more intensive sampling program is recommended, especially in the initial period of runoff process during the medium and heavy rainfall events.
